An epitaxial pseudocubic SmFeO3 thin film on (100) Nb-SrTiO 3 was studied based on ferroelectric (FE) characterization and magnetic measurements. High-resolution transmission electron microscopy images clarify the nature of the epitaxial growth, the stress-induced structural distortion at the film/substrate interface, and the existence of two different orientation lattices. Clear grain boundaries can be seen, which could introduce an extra local distortion. Rectangular FE loops can be observed at room temperature, even by just applying a small voltage ranging from -1 to +1 V, indicative of the presence of FE polarization. Piezoelectric force microscopy images confirm the existence of FE domains and the switchable polarization. A strong ferromagnetic-like transition occurs around 185 K, which is much lower than the transition observed in the bulk sample. It is believed that the pseudocubic structure enhances FE polarization and decreases the magnetic ordering temperature, which is confirmed by the first-principles theoretical calculations. Meanwhile, the ferroelectricity in this thin film should originate from distortion and modification in the structural modules rather than from the exchange striction interaction that is found in the bulk SmFeO3. Epitaxial pseudocubic SmFeO 3 thin film on (100) Nb-SrTiO 3 was studied based on ferroelectric (FE) characterization and magnetic measurements. High resolution transmission electron microscope images clarify the nature of the epitaxial growth, the stress induced structural distortion at the film/substrate interface, and the existence of two different orientation lattices. Clear grain boundaries can be seen, which could introduce an extra local distortion. Rectangular FE loops can be observed at room temperature, even by just applying a small voltage ranging from -1 V to 1 V, indicative of the presence of ferroelectric polarization. Piezoelectric force microscope images confirm the existence of ferroelectric domains and the switchable polarization. A strong ferromagnetic-like transition occurs around 185 K, which is much lower than the transition observed in the bulk sample. It is believed that the pseudocubic structure enhances ferroelectric polarization and decreases the magnetic ordering temperature, which is confirmed by the first principles theoretical calculations. Meanwhile, the ferroelectricity in this thin film should originate from distortion and modification in the structural modules rather than from the exchange striction interaction that is found in the bulk SmFeO 3 .
INTRODUCTION
The wide application of traditional data storage is attributed to the giant magnetoresistance effect 1, 2 . Due to increasing demands for more computing power and data storage, a new type of unit cell with higher data density and lower power consumption is required.
Ferroelectric random access memory seems to be a good choice, in which vertical polarization can be easily achieved, meaning that high density could be obtained. Meanwhile, the stability of ferroelectric domains ensures that information can be well saved for a long time. On the other hand, one special type of material in which magnetic ordering and ferroelectric ordering can coexist, the so-called multiferroic materials, also shows great potential for the next generation of data storage applications and other kinds of spintronic devices because spin freedom can be operated beyond the charge freedom. Therefore, exploring new functional materials having multiferroic properties has been a highly topical research field in recent years [3] [4] [5] [6] [7] . BiFeO 3 has shown its priority due to its room temperature multiferroic property. 8 Bi 3+ is not friendly to the environment or to human health, however, and to obtain single phase on a large scale is still a problem, which could increase the cost of production. Furthermore, the weak magnetization at room temperature, weak magnetoelectric coupling, and large electrical coercive field strongly limits its practical application. Rare earth manganites, such as DyMnO 3 9-11 and TbMnO 3 10 (space group: Pnma), are of great interest, as electric polarization is induced by spiral magnetic ordering because of the simultaneously broken spatial inversion and time-reversal symmetries. 12 In addition, the FE property can also be found in antiferromagnetic hexagonal HoMnO 3 and YMnO 3 (space group: P6 3 cm). 13, 14 The FE property of these two materials originates from the buckling of layered MnO 5 polyhedral units, driven by the size effect and electrostatic interaction as well. In these manganites, the spiral magnetic ordering temperatures are very low and far away from room temperature, which restricts their application at common ambient temperatures. Most traditional ferroelectric materials, such as lead zirconate titanate (PZT) and BaTiO 3 , are not magnetic. Therefore, to find new multiferroic materials with strong ferroelectricity and a high magnetic transition temperature seems to be the unavoidable way to achieve real applications. Up to now, there have been few reports on ferroelectric studies of the orthoferrites, except for DyFeO 3 and SmFeO 3 . [15] [16] [17] From the point of view of symmetry, it is nearly impossible to achieve a ferroelectric phase in orthorhombic ferrite. In the case of DyFeO 3 , the ferroelectric transition takes place below the magnetic transition temperature of the Dy 3+ lattice around 3.5 K, which can be explained by the exchange-striction interaction. As for SmFeO 3 , a small polarization is supposed to occur due to the symmetric exchange striction interaction among the canted antiferromagnetic spins 18, 19 , so it shares similar ferroelectric origins to DyFeO 3 15 and CaMn 7 O 12 [20] [21] [22] . Strain engineering has been employed to produce low dimensional materials such as functional thin films, and this method has introduced many unique properties which are not possessed by their corresponding bulk forms. Recently, ferroelectricity has been reported in artificially hexagonal YbFeO 3 thin film on a hexagonal substrate. 23 In this work, however, we study epitaxial pseudocubic SmFeO 3 on (001) SrTiO 3 (STO):Nb substrate prepared by pulsed laser deposition. Assuming that the mismatch between the two sets of lattices could introduce strain and lead to local structural distortion at the film/substrate interface, the structure and the physical properties of the thin film may consequently be modified. Our characterization shows that a ferroelectric loop is present at room temperature, and piezoresponse force microscope images confirm the switchable ferroelectric domain structure. Meanwhile, magnetic measurement results show that the SmFeO 3 experiences a ferromagnetic-like (canted antiferromagnetic) transition around 185 K, quite different from bulk SmFeO 3 , which is indicative of the multiferroic property in this material. Transmission electron microscopy (TEM) confirms the local structural distortion induced by the strain effect and consequent symmetry change at the film/substrate interface. First principles calculations confirm ferroelectric polarization in the pseudocubic distorted SmFeO 3 film.
EXPERIMENTAL
SmFeO 3 thin films were deposited at 830℃ on (001) Nb-STO in a dynamic flowing oxygen atmosphere of 200 mTorr, using a pulsed laser deposition (PLD) system. The SmFeO 3 target was prepared by the solid state reaction method, and X-ray diffraction (XRD, model: GBC MMA, Cu Kα radiation) shows that it is single phase with orthorhombic structure. A Nd:YAG laser source was used with 355 nm wavelength. During the deposition process, the laser was stabilized at 6-7 J/cm 2 , and pulses were repeated at 10 cycles per second. The crystal structures of the films were examined by XRD at room temperature. respectively. Positive and negative dc bias of 5 V was applied to the tip to produce the switched domain structure, and subsequent scanning was done at 370 kHz in dual AC resonance tracking (DART) PFM mode.
For the first principles calculations, an initial distorted structure was used. The redefined crystal axes of the SmFeO 3 film were set as: a// [10 ] 
RESULTS AND DISCUSSION
The SmFeO 3 (SFO) thin film was prepared by pulsed laser deposition on (001) STO:Nb single crystal substrate. The basic structure was examined by X-ray diffraction (XRD), as shown in Figure 1 . The XRD pattern reveals that the SmFeO 3 is epitaxially grown, and three satellite peaks are found near the (001), (002), and (003) STO:Nb peaks. This is similar to the case of LuFeO 3 and BiFeO 3 films on (001) STO substrate, which are both "cube-on-cube", grown epitaxially with pseudocubic structure. According to these three diffraction peaks, we can estimate the out-of-plane pseudocubic lattice parameter as a = 3.72 Å. Considering the similarity between epitaxial BiFeO 3 24, 25 and SmFeO 3 , it is reasonable to tentatively assign the SmFeO 3 film to the rhombohedral or hexagonal structure.
A structural study based on diffraction peak calculations shows that the three peaks of the pseudocubic structure can successfully be assigned to the (012), (024), and (217) Compared with the sharp diffraction peaks from the substrate, the three peaks from the thin film are relatively broad, which may originate from two sets of reflections from close sets of lattice parameters. To find out how the thin film really grows, high resolution transmission electron microscopy (HRTEM) was employed to determine the interface structure, as shown in Figure 2 . The crosssection of the thin film was imaged in bright-field mode, in which a clear interface between the thin film and the substrate can be seen.
In Figure 2 , a specifically selected film/substrate interface highlighted in the dotted rectangular frame is magnified in the upper left corner. Considering the lattice mismatch between the orthorhombic SmFeO 3 and the cubic STO, stress induced distortion should exist at the film/substrate interface. The TEM image of the film/substrate interface clearly shows the atomic rearrangement in an exactly cubic structure that is gradually relaxed to orthorombic. In addition, two types of growth along different crystallographic directions of orthorhombic SmFeO 3 were found. A structural transition boundary is clearly shown in the TEM image. According to the TEM image and the selected area electron diffraction pattern, the growth direction of the SmFeO 3 film in relation to the substrate orientation can be determined, which is shown in Fig. 2 The part of the film with <101> o growth shows significant distortion with reduced a and c, and elongated b. Such a structural distortion will cause orbital and spin reconstruction and result in novel properties.
The existence of the two sets of growth will introduce grain boundaries with disorder or rearrangement of the atoms, which can be clearly observed in the TEM image in Fig. 2 . The boundary between the [010] and [101] lattices should also introduce extra stress and local structural distortion in this system. The epitaxial growth of the film will gradually relax, and therefore, the structural distortion will be released when the film grows thicker. The boundaries between lattices with two different orientations always exist, however, which is beyond the scale of the stress on the interface. Electric hysteresis loops of SmFeO 3 films on STO:Nb were collected at room temperature. When the applied voltage exceeds 1.2 V (electric field ~22 kV/cm), a quasi-rectangular loop can be observed, as shown in Figure 3 (a), indicating a strong FE property. A higher applied voltage will increase the leakage current, and a relatively round FE loop will be present (not shown). The time dependence of the applied voltage and consequent current are given in Figure 3(b) , in which an obvious switching current can be seen, which is quite different from typical resistor or capacitor behaviour. The small difference in current behaviour between opposite voltages is probably due to the electrode effect (Au and Nb-STO). To check the fatigue properties, P-E loops were measured 10 6 times, and the remanent polarizations are presented in Figure 3 (c). The remanent polarization is about 0.08 μC/cm 2 . There was no significant change in the remanent polarization after the fatigue test, indicating the good stability of this FE material. Considering the leakage effect, which can also contribute to P-E loops, we used the positive-up negative-down (PUND) method to confirm the real polarization. The PUND method uses an up-up-down-down wave to exclude the leakage effect. The standard PUND wave form is presented in Figure 4 . At the beginning, the system uses a negative writing pulse to polarize the film. After that, a positive pulse V1 is applied to the film, and a current will be produced due to leakage and domain flipping. Then, another positive pulse V2 is applied, and a current will be produced, but only due to leakage. Therefore, the integrity of the current difference produced between up-up or down-down processes is in accordance with two times the remanent polarization, 2P r . This also applies to the downdown process. A V3 pulse will switch the FE domains to the opposite direction, and V4 just measures the leakage current contribution.
In Figure 3 , a clear difference in the current between I1 and I2, or I3 and I4 can be observed (since the pure leakage current peak is lower and narrower than when it is combined with the switching current), indicating that polarization in the P-E loop is real. The real current contribution from FE switching is reduced to half, however, meaning that the remanent polarization is about 0.04 μC/cm 2 . This value is very close to that found in orthorhombic HoMnO 3 , 26, 27 in which Mn 3+ spins are in E-type antiferromagnetic ordering. To some extent, considering the different magnetic states involved in the orthorhombic HoMnO 3 and the orthorhombic SmFeO 3 , this similarity suggests that the mechanism in the orthorhombic bulk SmFeO 3 may not apply to the SmFeO 3 thin film.
The piezoelectric force microscope (PFM) image presented in Figure 5 shows the presence of FE domains, which are mainly dominated by two types with opposite vectors. This means that the domain walls in this film are mostly 180° domain walls. Meanwhile, information on the surface morphology was also obtained, and the results show an average roughness of about 1.8 nm, indicative of good quality film. Comparing the morphology with the phase pattern, it is not difficult to see that there is more than one domain in some single grains. The average domain size is around 0.1 µm, much smaller than the domain size in BiFeO 3 film 28 . One important characteristic of the ferroelectricicity is that the ferroelectric domains can be controlled and reversed by external electric field, the so- To investigate the magnetic properties of this "pseudocubic" SmFeO 3 film, we carried out measurements using a magnetic properties measurement system (MPMS). The field-cooling temperature dependence of the magnetic moment was measured from 10 K to 300 K, as shown in Figure 6 (a). A sharp ferromagnetic (FM)-like transition can be found around 185 K. The FM behaviour can be confirmed by the magnetic hysteresis loop at 100 K. Curie-Weiss law fitting gives a positive intercept, which corresponds to a negative Curie-Weiss temperature, indicating an antiferromagnetic (AFM) interaction starting below 240 K, as can been seen in Figure 6 (b).
Hence, the FM-like behaviour should originate from a canted AFM ordering. This is quite different from what happens in bulk SmFeO 3 , in which a spin reorientation takes place around 433 K from a canted antiferromagnetic weak ferromagnetic (WFM) ordering to simple antiferromagnetic ordering. Such a big change may be attributed to Fe 3+ spin frustration, which weakens the interaction between Fe 3+ ions compared with that in the orthorhombic lattice. The stress induced distortion on the interface and boundaries should be responsible for the significant change in the magnetic properties. This result indicates that the ferroelectricity in the SmFeO 3 at room temperature may be not arise from the magnetic exchange striction interaction, but from the structural distortion. Bulk SmFeO 3 has been reported to show spin-driven ferroelectric polarization at room temperature based on experimental measurements, however, the theoretical calculations deny such a possibility. Therefore the multiferroic property in SmFeO 3 is still controversial. Our SmFeO 3 thin film, however, shows strong structural distortion at both the film/substrate interface and the grain boundaries. Such structural distortion will cause the reconstruction of the crystal lattice and rearrangement of spin, and thus electrical polarization, driven by both displacement of ions and spin. Adopting a distorted structure of SmFeO 3 at the film/substrate interface, the different magnetic states were calculated based on first principles calculations in the framework of density functional theory (DFT) and the result is presented in Table 1 . The energies of those magnetic states were compared with G-type antiferromagnetic ordering of Fe for both Hubbard U = 0 and 2, which shows that G-AFM is the most stable state in comparison to A-type AFM, C-type AFM, FM, and paramagnetic (PM) states. The polarization is calculated as ~15.3 μC/cm 2 for both U values. The value of U does not show any significant effect on the magnetic state and polarization. Although the calculated polarization value is much larger than the measured value, this result indicates that the observed polarization might be caused by the structural distortion at the film/substrate interface. The discrepancy might be caused by the relaxation of the distorted SmFeO 3 film structure to a bulk one in a relatively thick film, which has been confirmed in high resolution TEM images. In addition, G-AFM easily forms a canted magnetic structure 29, 30 and causes the appearance of net moment and spin-driven polarization based on an inverse Dyaloshinski-Moriya (DM) interaction. Although we cannot distinguish the two contributions to the polarization, i.e., ionic-displacement-driven polarization and spin-driven polarization, studying the possibility for the existence of large magnetoelectric coupling will be the aim of the next step in our research program. Finally we compare the calculated electron density isosurface with the value of 0.45 for undistorted and distorted SmFeO 3 systems obtained from DFT calculation, which is shown in Figure 7 . Electron density contour is known to be an informative tool to distingush different bonding interaction in solids. It is obversious that, in the distorted system, the electron density between oxygen and iron is strong to form a three dimensional network, indicating a strong asymmetric covalent bonding interaction. While in the undistorted sytstem, the electron density between oxygen and iron is weak. The strong asymmetric covalent bonding is responsable for the observaed polarization in the distorted SmFeO 3 thin film.
CONCLUSIONS
In summary, the structure, and the ferroelectric and magnetic properties were studied in epitaxial pseudocubic SmFeO 3 A strong ferromagnetic-like transition is observed around 185 K, which is likely to be due to a canted antiferromagnetic ordering. The PFM images clarify the existence of ferroelectricity and the switchable domain structure. There is also a saturating hysteresis loop in the ferroelectric measurements, and the loops are very stable, even after 10 6 cycles. The PUND method was used to determine the intrinsic ferroelectric polarization, and the remanent polarization is about 0.04 μC/cm 2 , which is comparable to that in orthorhombic HoMnO 3 . The structural distortion in this system is probably responsible for the significant change in the magnetic properties and the small polarization as well. The theoretical calculations of the highly distorted SmFeO 3 structure have theoretically confirmed the existence of the ferroelectic polarization and net magnetic moment in the thin film form of SmFeO 3 .
(b) (a)
